STM/STS studies of Bi–O layers of Pb doped Bi-2223 superconductors irradiated by 100 MeV oxygen ion by Banerjee, T. et al.
  
 University of Groningen
STM/STS studies of Bi–O layers of Pb doped Bi-2223 superconductors irradiated by 100 MeV
oxygen ion
Banerjee, T.; Samanta, S.B.; Kanjilal, D.; Kumar, R.; Ramasamy, S.; Narlikar, A.V.
Published in:
Solid State Communications
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
2002
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Banerjee, T., Samanta, S. B., Kanjilal, D., Kumar, R., Ramasamy, S., & Narlikar, A. V. (2002). STM/STS
studies of Bi–O layers of Pb doped Bi-2223 superconductors irradiated by 100 MeV oxygen ion. Solid State
Communications, 123, 117-122.
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.
Download date: 12-11-2019
STM/STS studies of Bi–O layers of Pb doped Bi-2223
superconductors irradiated by 100 MeV oxygen ion
T. Banerjeea,*, S.B. Samantab, A. Guptac, D. Kanjilalb, R. Kumarc, S. Ramasamya,
A.V. Narlikarb
aDepartment of Nuclear Physics, University of Madras, Guindy Campus, Chennai 600 025, India
bNuclear Science Centre, P.O. Box 10502, Aruna Asaf Ali Marg, New Delhi 110 067, India
cNational Physical Laboratory, Hill side Road, Dr K.S. Krishnan Marg, New Delhi 110 002, India
Received 19 October 2001; accepted 22 May 2002 by C.N.R. Rao
Abstract
The effect of swift heavy ion (SHI) irradiation on the surface Bi–O layers of polycrystalline Pb doped Bi-2223
superconductors has been studied using Scanning Tunnelling Microscope (STM) technique. The STM images of the
unirradiated Pb doped Bi-2223 samples show perfect periodicity of neighbouring atoms whereas the topographs of the
irradiated samples reveal atomic displacements and disorder caused by SHI irradiation. The microstructures of these samples
are found to be depth dependent. Studies of the electronic structure of the unirradiated and irradiated superconductors have been
performed by Scanning Tunneling Spectroscopy (STS). These measurements show setting in of increased non-metallicity on
the surface Bi–O layers as a result of irradiation. q 2002 Elsevier Science Ltd. All rights reserved.
PACS: 74.72.Hs; 61.16.Ch; 61.80.Jh
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1. Introduction
Swift heavy ion (SHI) irradiation on copper-oxide based
high temperature superconductors (HTS) produces micro-
structural defects and disorder. These artificially introduced
defects are capable of arresting the motion of the flux lines
which are otherwise mobile under the application of an
electric current. SHI irradiation mainly causes electronic
excitation and ionization of the target atoms through
inelastic collisions up to a depth of several micrometres.
This process of energy loss by the energetic ions is known as
electronic energy loss (Se). A less dominant mechanism of
energy loss is by elastic scattering from the nuclei of the
atoms of the target referred to as the nuclear energy loss (Sn).
Depending on the energy and type of projectile ion and the
characteristics of the target materials, Se may vary from a
few eV/nm to a few keV/nm. This variation of Se leads to the
creation of various type of defects (or pinning centres) viz.
point defects, extended defects, defect clusters and colum-
nar defects [1–5] in these materials.
In this work, the effect of 100 MeV oxygen ion
irradiation on the surface morphology in real space and
the electronic density of states at the Fermi level of the Bi–
O planes in Pb-doped Bi-2223 (BSCCO) superconductors
have been studied using Scanning Tunnelling Microscope
(STM) and Scanning Tunneling Spectroscopy (STS),
respectively. STM gives us information about the sample
surface at the atomic level. Tunnelling spectroscopy, with a
very high energy resolution (,kBT ), is a useful probe to
investigate the changes in the electronic structure around the
Fermi level at the surface. STM topographs and STS spectra
shown here are for the fluence value of 1013 and 5 £
1013 ions/cm2. Using TRIM 95 code [6], the electronic and
nuclear energy losses for 100 MeV oxygen ions are
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estimated to be 1287 and 0.76 eV/nm, respectively. As seen
in Fig. 1, the damage caused by inelastic collision for this
ion species and energy is a maximum at a depth of 50 mm
inside the sample and not at the surface. This makes the
surface morphology depth dependent.
The Cu–O planes are considered to be responsible for
the mechanism of superconductivity in the BSCCO system.
However, the role of the other cationic layers as Bi–O in
building up the structure of this HTS is equally crucial. The
Bi–O planes possess a structure in which the Bi3þ–O22
average interplanar distance (,0.27 nm) is larger than the
equilibrium distance of 0.22–0.24 nm between these two
ions [7–8]. O22 has a lone pair of electrons pointing
towards the adjacent Bi–O layer. The two electrons of this
pair occupy a considerable amount of space leading to an
enhanced interplanar separation between Bi–O layers.
Consequently, these layers can accommodate any extra
oxygen that might be introduced into this system. This
reduces the mismatch between the rock salt and the
perovskite structure in this HTS and lowers the modulation
length along the a–b plane [9–11]. Since cleaving a
BSCCO crystal always exposes the Bi–O plane, the STM
topography visualized in this work is essentially that of non-
metallic Bi–O plane. Electronic energy loss for 100 MeV
oxygen ion irradiated Pb doped Bi-2223 causes disorder and
atomic displacements at the surface. The decrease of the
local density of states (LDOS) at the Fermi level, of the
surface Bi–O layers and interior to the surface has been
investigated using STS. Although Renner and Fischer [12],
Shih et al. [13] and Kaneko et al. [14] have carried out low
temperature STM of Bi-2212 under UHV conditions, till
date, no systematic studies have been undertaken on Pb
doped Bi-2223 system particularly before and after
irradiating them with SHI.
2. Experimental details
Polycrystalline Pb-doped Bi-2223 superconductors were
prepared by solid-state reaction route involving calcinations
in air at temperatures of 790 8C (10 h), 830 8C (10 h) and
840 8C (10 h) and sintering (after pelletization) at tempera-
tures in the range of 855–858 8C (150 h). XRD of these
phase pure samples showed a tetragonal structure for this
system with the lattice parameters: a ¼ b ¼ 0:54 nm and
c ¼ 3:71 nm [15]. The Tc of these samples have been found
to be ,106 K. 100 MeV oxygen ion irradiation was carried
out using the 15 UD Pelletron accelerator at Nuclear Science
Centre, New Delhi. The beam with a current of 10 pnA,
(,6.25 £ 1010 particles/cm2/s) was scanned to give a
homogeneous damage all over the sample surface. The
samples were irradiated in a secondary electron suppressed
geometry in a clean vacuum of 2 £ 1026 mbar. Irradiation
was carried out at fluences of 1013 and 5 £ 1013 ions/cm2.
The STM topography, for both unirradiated and
irradiated samples, presented here, depicts a typical three-
dimensional view in real space of an atomically resolved
Bi–O plane at room temperature. The studies were carried
out with a Nanoscope II STM from Digital Instruments Inc.
USA, in constant current mode, at a bias voltage of
2500 mV, using nanotips of Pt/Ir. Freshly cleaved surfaces
of these polycrystalline samples were prepared and all the
measurements were carried out in air. After obtaining well
resolved images of the surface Bi–O layers in STM, the
tunnelling spectra of these layers were recorded by switch-
ing to the STS mode. All the STM topographs and the STS
spectra are a typical representation of many such images/
spectra taken over various regions in each surface of these
pellets. A typical STS spectrum is a plot of normalized
conductance versus bias voltage. The conductance dI/dV is
proportional to the LDOS at the Fermi level. Since, the
surface morphology of the irradiated samples are depth
dependent for this beam—the damage being maximum at
the interior—almost at the end of the ion range, the
STM/STS studies were done both on the surface as well as
after peeling off a few layers from the surface of the sample.
3. Results and discussions
3.1. STM studies on Pb doped Bi-2223
The STM topograph of unirradiated Pb-doped Bi-2223 at
a bias voltage of2500 mV is shown in Fig. 2(a). It is seen to
consist of rows of Bi-atoms arranged in a periodic fashion
with an average atomic spacing of 0.37 nm between two
atoms [9–10]. Fig. 2(b) shows the surface structure of the
Fig. 1. Variation of Se as a function of depth for 100 MeV oxygen
ion irradiated Bi(Pb)-2223 superconductors.
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Fig. 2. STM topographs corresponding to: (a) unirradiated Bi(Pb)-2223, (b) Bi(Pb)-2223 irradiated at a fluence of 1013 ions/cm2, (c) Bi(Pb)-2223
irradiated at a fluence of 5 £ 1013 ions/cm2.
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sample irradiated with 1013 ions/cm2. Structural distortions
are seen along with compression and expansion of the
distances of adjacent Bi atoms giving rise to S-shape
distortion in the images. In the next topograph, (Fig. 2(c))
corresponding to a fluence of 5 £ 1013 ions/cm2, one can see
increased distortions at the surface. Regions of interstitial
vacancies and interstitial atoms are also evident in the
irradiated samples. This might arise due to atomic
displacement, which is a consequence of electronic energy
loss due to SHI irradiation.
To visualize the increased damage in the sample as a
function of increasing depth, the surface layers were peeled
off and STM studies were performed. The STM photograph
of the sample irradiated at a fluence of 5 £ 1013 ions/cm2
after removal of first few layers is shown in Fig. 3(a). Wavy
distortions are seen to be smeared off in some regions along
with atomic displacements. After peeling off some more
layers, the extensively damaged surface layers, at the end of
the ion range, look like as that shown in Fig. 3(b).
3.2. STS results for unirradiated and irradiated Pb doped
Bi-2223
A systematic study of the LDOS at the Fermi level and
the energy gap of the surface Bi–O layers has been carried
out as a function of depth from the surface of the irradiated
samples. A typical plot of the normalized conductance
would show the presence of a localized gap in the energy
spectra of the Bi–O layer, whose value close to the Fermi
level, EF for pure case is between 0.3 and 1.0 eV [16,17].
For the unirradiated Pb doped Bi-2223 sample, the
tunnelling spectrum is more metallic in nature with no
Fig. 3. STM images of irradiated Bi(Pb)-2223 at 5 £ 1013 ions/cm2: (a) after first removal of a few surface layers, (b) after second removal of a
few surface layers.
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distinct gap structure (Fig. 4(a)). However, irradiating them
at a fluence of 1013 ions/cm2 causes the opening of the
energy gap (0.55 eV) with oscillations at the gap edges. The
LDOS at EF decreases as compared to the unirradiated case
(Fig. 4(b)). For the fluence of 5 £ 1013 ions/cm2, the energy
gap is observed to increase to almost 1.0 eV in Fig. 4(c) with
a gradual decrease of the LDOS at the Fermi level. These
aspects reflect the development of non-metallic nature of the
surface Bi–O planes as a result of disorder created in these
samples due to SHI irradiation.
As has been discussed, for this beam, the damage
caused inside the sample increases proportionally from
the surface along the ion trajectory. The changes in the
LDOS at the Fermi level, of the sample, irradiated at a
fluence of 5 £ 1013 ions/cm2 were carried out after
peeling off a few layers from the surface. Peeling of a
few microns of the sample surface shows an increase in
the energy gap value in the STS spectrum to ,1.0 eV
(see Fig. 5(a)) with a decrease in LDOS at the Fermi
level. The STS spectrum of the surface Bi–O layer after
further peeling (Fig. 5(b)) shows the LDOS to be almost
zero in this case. The energy gap value is found to be
0.7 eV although severe fluctuations are observed at the
gap edges. This confirms that the maximum disorder
due to Se, is found to occur at the end of the ion
trajectory leading to increased non-metallicity of the
Bi–O planes along with a gradual decrease of the
LDOS at the Fermi level to zero values.
4. Conclusions
A systematic analysis of surface structural and electronic
properties of the Bi–O layers of Pb doped Bi-2223 irradiated
with 100 MeV oxygen was carried out. For this ion species and
energy, the microstructure is depth dependent. Visualization
of the damaged surface through STM studies reveal that
atomic displacements have taken place due to irradiation. This
has been manifested in the expansion and compression of the
Fig. 4. STS spectra corresponding from top to down: (a)
unirradiated Bi(Pb)-2223, (b) Bi(Pb)-2223 irradiated at a fluence
of 1013 ions/cm2, (c) Bi(Pb)-2223 irradiated at a fluence 5 £
1013 ions/cm2.
Fig. 5. STS spectra corresponding from top to down of Bi(Pb)-2223
irradiated at 5 £ 1013 ions/cm2: (a) after first removal of a few
surface layers, (b) after second removal of a few surface layers.
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distances between adjacent rows of Bi-atoms with increasing
ion fluence and depth. Tunnelling spectroscopy, which is a
very sensitive tool to study the LDOS above and below the
Fermi level, shows that the energy gap of the surface Bi–O
layers increases with an increase of ion fluence. These
measurements also confirm the increasing non-metallicity of
the surface Bi–O layers with a subsequent decrease of the
LDOS at the Fermi level of these irradiated samples.
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